Research on Inertial Confinement Fusion (ICF) has progressed rapidly in the past several years. As a consequence, LLNL is developing plans to upgrade the current 120 kJ solid state (Nd3-phosphate glass) Nova laser to a 1 .5 to 2 megajoule system with the goal of achieving fusion ignition. The design of the planned Nova Upgrade is briefly discussed.
INTRODUCTION
The key requirement for establishing the scientific feasibility of Inertial Confinement Fusion is the demonstration of fuel (DT) ignition and burn propagation. This should be possible using about 1.5 to 2.0 MJ of laser energy at a wavelength of 0.35 jim or less. To meet this goal, LLNL is planning to upgrade the existing Ndglass Nova laser from 40-70 kJ (1-2.5 ns) to 1.5-2 MJ (3-5 ns).1
Oneofthe keys to the successfuldesignand operationofthislaseris theavailabilityofoplicalmaterials with high laser damage resistance. In this paper we compile results from damage tests at 1064 and 355 nm on the key optical materials used in this laser design. The measured damage thresholds meet or exceed the requirements of 18 J/cm2 (1054 nm) and 12 J/cm2 (351 nm) at 3 ns.
In addition, the results are summarized in a set of simple empirically-derived relationships that describe the damage threshold pulse-length scaling. These relationships are valuable in laser system design since pulse length is often a key design parameter.
NOVA UPGRADE SYSTEM DESIGN
The proposed Nova Upgrade is an 18-beamline Nd:glass laser whose output at 1054 nm is frequency converted to the third harmonic (3o at 351 nm).1 The architecture of one beamline is shown schematically in Fig. 1 . Inbrief, each beamline consistsofa compactmultipass design with the opticalcomponents segmented into 4 x 4 arrays. Thus, each beamline is composed of 16 "beamlets" that are each optically independent and able to be individually pointed. 
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Theoptical components havebeensegmented to reduceboththe size and costof this system. This is shown in Fig. 2 where the multi-segmented amplifier and cavity end mirrors are shown in schematic form; the current Nova 31.5-cm amplifier is also shown for comparison. Note that individual aperture sizes for the Nova Upgrade are nearlyidentical to thatofthecurrent3l5-cmamplifiers. However, the Upgradedesignefficiently stacks these into large arrays.
Each beamline contains two amplifiers mounted in a resonator cavity and separated by a correspondingly segmented spatial ifiter. The spatial ifiter is also an optical relay. Each resonator cavity also contains an optical switch consisting of a 4 x 4 segmented Pockels cell and multilayer thin film polarizer (Fig. 1) .
During operation, an input pulse is injected into the resonator cavity using a small mirrorlocated near the spatial filter focus. The injected pulse first travels toward the "rear" of the cavity(i.e. the end opposite the optical switch) and reflects off the end mirror and then makes three full passes through the resonator cavity. At the time ofthe imtialpulse injectioninto thecavity, sufficientvoltageis applied to the Pockels cell to rotate the polarization by 9Ø0• Thecombination of polarizer and cavity end mirror confines the pulse to the resonator until the Pockels cell is turned off (on the final pass).
The output from the resonator cavity is transported to the frequency conversion array using a spatial filter and series of multilayer dielectric mirrors. The third harmonic output from the conversion array is then focused onto the target. An intervening debris shield is used to prevent target debris from collecting on the final focusing optics (Fig. 1) . Figure 3 shows the calculated laser fluence (at each optical component) during the final pass through resonator and transport to the target. The open symbols denote the fluence at 1.05 pm (3 ns) whereas the solid symbols are for 0.35 jim fluence. At the start of the final pass, the beam reflects off the end mirror (Ml) at a peak fluence of about 2 J/cm2. As the beam passes through the nine laser disks (abscissa labels 1 to 9) in the first amplifier (Ampi) the peak fluence increases to a value of about 16 J/cm2. The fluence remains nearly constant as the beam passes through the > 99% transmissive 1-to-i-magnification spatial filter (SF) into Amplifier 2 (Amp2). The final amplifier boosts the output fluence to the maximum value of almost 18 J/cm2. There is some slight drop in 1 .05 jnn fluence due to transmissionlosses through the deuterated KDP in the Pockels cell. Assuming Nova-like beam transport optics (i.e., > 99% transmission) the fluence remains nearly 18J/cm until frequency conversion. Assuming 70% conversion efficiency (as demonstrated using the present Nova laser) the peak 3o output is about 12-13 J/cm2 (3 ns).
DAMAGE THRESHOLD REQUIREMENTS
The results in Fig. 3 were calculated using computer codes written to model the laser performance and validated bycomparison withdata fromthe present Nova system. The performance parameters thatare modeled include, among others, the energy storage and extraction, beam propagation and frequency conversion.
To account for the spatial intensity variation in the laser beam we show both the peak and average fluence in Fig. 3 . Based on both code calculations and data from Nova, the peak-to-average beam modulation is roughly 1.5-to-I. This corresponds to a damage threshold requirement of about 18 J/cm at 1.05 jim and 12 J/cm2 at 0.35 im (3 ns).
DAMAGE THRESHOLDS OF IMPROVED OPTICAL MATERIAL
The 1.5-2 MJ solid-state laser shown in Fig. 1 In many cases, these optical materials must have substantially higher damage thresholds than those available when the present Nova laser system was built (1980) (1981) (1982) (1983) (1984) (1985) . As a result, we have spent significant effort on improving most, if not all, of these materials. In the sections that follow we discuss the results from damage tests on these improved materials. The damage results are summarized in a set of "engineering" pulse-lengthscaling relationships that are used in the design calculations of the megajoule laser.
All damage thresholds reported here have been measured using methods and systems previously described.2 The vast majority of the measurements have been made using the same or nearly identical damagetest systems. In brief, the damage tests arecarried out using the output from a commercialNd:YAG laser directed through an attenuator and long focal-length lens (2-3 m) onto the test sample. The attenuator is used to vary the test fluence. The sample is located in a near-field region where the beam diameter is generally at least I mm in diameter (lie?). The test sample is examined both before and after laser irradiation using lOOx Nomarski microscopy; we define damage as any observed change in the sample under these viewing conditions. The beam profile and energy are recorded using a calorimeter and video camera as described in reference 2. The fluence profile of the beam is then calculated using a commercially available software package.
Bulk laser glass
One of the major damage problems experienced during activation of the present Nova laser system (and an on-going problemfor manyyears)was damage dueto platinummdusions inthelaserglass? These inclusions originate from the crucibles used to melt the glass. Although the inclusions are microscopic in size (typically 5-10 j.tm), upon laser irradiation at high fluences they produce fractures in the laser glass that can grow to as much as several millimeters in size. Damage measurements by Gonzales and Milam on Pt-inclusions in phosphate laser glass showed that the damage threshold scales with pulse length as where D is the damage threshold (J/cr&) and tis the pulselength (ns). Model calculations of inclusion damage agree well with the experimental ii1.6'fldamage threshold (at 3 ns)is shown in Fig. 4 relative to the design fluence in the phosphate laser glass disks for the 1.5-2 MJNova Upgrade laser. The fluence is for normal incidence and has been corrected for the fact that laser disks sit at Brewster's angle. Notice that for the current laser design nearly 60% of thelaserdisks see fluences above the Pt-inclusion damage threshold. Therefore the laser glass must be essentially free of platinum inclusions. Disk: ABCDEFGH I J Working jointlywithSchottGlassTechnologies, Inc. and Hoya Optics, Inc. we have successfully developed a method to producephosphatelaser glass that is nearly free ofPt-inclusions.7 Theprocess is unique to phosphate glasses and islargelyattributable to thesolubilityofplatinuminphosphate-based glass compositions. By melting theglass underhigMyoxidizingconditions it is possible to enhance therateofPt dissolution and thereby dissolve Pt-indusionsthatarepresentintheglass. Inaddition, wehavedeveloped othermethods that substanfiallyreduce the introduction of Pt-indusions into the glass in the first place.7 The dissolved (ionic) Pt absorbs in the UV thus does not interfere either with the optical pumping or the 1.05 pm transmission of the laser glass.
Using this new glass melting technology, all of the laser disks on the current Nova system have been replaced. Results from 100% damage testing ofthelaserglass disks showed that the Pt-inclusion densityhas been reduced approximately 1000-fold from roughly 100/liter in the original Nova glass to about 0.07/liter in the new glass. Approximately 60% of the 7-liter laser glass disks had no platinum inclusions (Fig. 5) . After 2-3 years of full-power operation we have seen no evidence of Pt inclusion damage on the present Nova laser. Based on these improvements in the laser glass we anticipate no Pt-inclusion damage problem for the Nova Upgrade.
With the elimination of the Pt-inclusion problem, the laser disks damage threshold is now limited by the surface damage threshold. This is discussed in the next section.
Bare, polished surfaces
In general, bare surfaces of opticaldielectric materials havelower damage thresholds than the corresponding bulk phase, provided indusions and other damaging defects have been eliminated. Consequently, a major concern in the design and construction of any high-peak-power laser is the damage threshold for the various finished surfaces. In addition, most bare substrate surfaces are coated, the major exception being the laser glass that is mounted at Brewster's angle in the amplifiers (we discuss coatings in a later section).
Last year we reported8 damage thresholds for a number of bare polished glass surfaces. These data represent an accumulation of measurements carried out at LLNL over the past ten years.11 The glasses that were Number of Pt particles after final polish Percent of the 300 Nova phosphate glass disks having a given number of Pt-indusions. These results are based on 100% damage testing. Each disk contains about 7 liters of glass. All the disks exceed the current Nova production specification of less than 9 inclusions per disk.
tested have approximately the same refractive index and thus it is valid to compare damage-test results between the various glass types (Fig. 6) The shaded region in Fig. 6 shows the threshold requirement for the Nova Upgrade; it is clear that the current glass finishing technology is adequate to meet this requirement.
Fused silica is used for all the transmissive optics of the Nova Upgrade design (aside from the laser disks and KDP). This primarily includes lenses, windows, polarizer substrates, and debris shields. Figure 7 summarizes the damage threshold measurements on polished, bare, fused silica at both 355 and 1064 nm for a range of pulse lengths. The 355-nm thresholds are about a factor of 2-3 lower than that at 1064 nm based on the data set shown here. The 351-nm data represent an average of more than 5 tests at each pulse length with a range of about 15 to 20%.
The fused silica was polished using the standard but proprietary "super polish" techniques employed by such companies as, for example, Eastman Kodak Co. and Zygo Corporation. Based on the results in Fig. 7 , the "super polished" fused silica surfaces meet both the 1w and 3o damage threshold requirements for the Nova Upgrade laser. Results from damage tests on these coatings at both 1.06 and 0.35 tm are shown in Fig. 8 . Surprisingly the damage thresholds are nearly equivalent for the two wavelengths. This may simply be due to the fact that the 1.O6-.tm data are from several years ago12 and in the past few years significant improvements have been made in both thecoating preparationand thedeposition process. This is supported by therecent data at 1.06 jnn indicated in Fig. 8 with the upward arrow. These data are from coatings recently prepared using the improved process and the samples were notable to be damaged at the fluences indicated. Inaddition, weuse the Si02 sol-gel AR coatings on the present Nova system and have not seen coating damage even when the laser fluence has exceeded (by 10-15%)thedamage thresholds shown inFig. 8. The ARdamage threshold requirements for theNova Upgrade laser are shown in Fig. 8 by the shaded regions at 3 ns.
In addition to the sol-gel AR coatings we have also recently investigated AR coatings made using a fluorocarbon polymer. The damage thresholds for the fluorocarbon coatings exceeds that of the sol-gel at both 1.06 and 0.35 jim and thus is a potential replacement. This work is reported separately at this Symposium. Damage threshold vs. pulse length at 1.06 and 0.35 jim for single layer sol-gel AR coatings on fused silica. The shaded regions at 3 ns show the damage requirements for the Nova Upgrade laser (see Fig. 3 ).
Multi-layer HR and polarizer coatings
In the past, multi-layer dielectric coatings have been a weak point in most high-peak-power laser designs because of theirlowdamage thresholds. Recent workby Kozlowski etal.'18has shown that the damage threshold ofmulti-layercoatingscanbe substantiallyand permanentlyimprovedbyfirst "conditioning" the films using low fluence irradiation. Conditioning has been observed in a number of optical materials, both bulk and thin films. Conditioning simply refers to the process of exposing the optic to small increments inlaser fluence beginning at a fluence significantly below the single-shot damage threshold.
The work by Kozlowski et aL1"8 has shown that Hf02/Si02 multilayer films give the most consistent improvement with conditioning. These results are shown in Fig. 9 and compared with the required damage thresholds for the Nova Upgrade. In general, the conditioning produces about a 2-to 3-fold improvement in the damage threshold. It is clear that with conditioning the multilayer HR films can meet the Nova Upgrade design fluence.
Conditioning has also been observed for multi-layer dielectric film polarizers made using Hf02/Si02.8 The magnitude of the improvement(.-' 0.5 to 5.0) varies much more than is observed for the case of HR coatings. The reason for the variability is not understood. Nevertheless the polarizers typically have damage thresholds for both p-and s-polarization greater than the required 18-20 J/cr& at 3-ns and 1064 nm.
Laser conditioning represents perhaps the greatest single practical improvement in thin-film damage thresholds in the past 10 years. Unfortunately, the mechanism for laser conditioning remains illusive. Recent KDPand thedeuterated analogue, KIYP are theproposed materials forusein the Nova Upgrade frequency converter and Pockels cell, respectively. The Pockels cell sees only 1.06-pm radiation whereas the frequency converter must be damage resistant at 1.06, 053 and 0.35 tim. Although other nonlinear materials have better conversion efficiency and less angular sensitivity, KDP remains the material of choice primarily due to its relativelylowcostand easeofgrowthtolarge sizes. KIYPis preferred overKDP foraPockels cell material because of its 5-to 10-fold lower absorption loss at 1.06 jim and factor of 2 lower half-wave voltage. It has the same advantage as KDP in terms of growth to large sizes but is nxre costly because of the deuteration process.
The damage data presented in this section are forKDP only. This is because highly deuterated material (as would be used in the Pockels cell) has not been grown using this new growth process. Therefore we assume that the effects of the deuteration on the damage behavior is minimal.
Laserdamage in KDP hasbeenlinked to contamination. The contamination indudes soluble and insoluble, organic and inorganic material. Montgomery and Milanovich° have recently developed a KDP growth process that successfully removes contaminants by the combined use of UV/ozone treatment coupled with continuousflow ultrafiltration. The use of different filter pore sizes showed that the highest damage thresholds could be obtained using the smallest (0.05 jim) pore size (Table 1) .
To date damage threshold measurements have only been carried out at a pulse length of 10-ns. To scale to the lower 3-ns pulse length of the Nova Upgrade we assume a conservative 'r1"2 scaling. This gives conditioned damage thresholds of 15-16 and 35 J/cm2 at 355 and 1064 nm (3-ns), respectively for KDP prepared by the improved growth process. These are significantly greater than the required thresholds of 12 and 18 J/cm2. The results from the damage measurements given in the previous section are summarized inTable 2. They represent the current state-of-the-art for high damage threshold optical materials at 1.06 and 0.35 jim. The data are given in terms of a useful set of simple pulse-length-scaling relationships that can be used in laser design or determining safelaser operatinglimits. Onthebasisoftheseand otherdata wehavedesigned a 1.5-2 MJNd:glass, solid state laser for use in achieving fusion ignition. In addition we use several of these relationships on a daily basis for selecting safe operating conditions on our current 120 kJ (1w) and 50-70 kJ (3o) Nova laser. 
